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In Brief
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determines cellular localization of
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Neurons regulate the number of surface receptors by
balancing the transport to and from the plasmamem-
brane to adjust their signaling properties. The protein
muskelin was recently identified as a key factor guid-
ing the transport of a1 subunit-containing GABAA
receptors. Here we present the crystal structure
of muskelin, comprising its N-terminal discoidin
domain and Lis1-homology (LisH) motif. The mole-
cule crystallized as a dimer with the LisH motif exclu-
sively mediating oligomerization. Our subsequent
biochemical analyses confirmed that the LisH motif
acts as a dimerization element in muskelin. Together
with an intermolecular head-to-tail interaction, the
LisH-dependent dimerization is required to assemble
a muskelin tetramer. Intriguingly, our cellular studies
revealed that the loss of this dimerization results in a
complete redistribution of muskelin from the cyto-
plasm to the nucleus and impairs muskelin’s function
in GABAA receptor transport. These studies demon-
strate that the LisH-dependent dimerization is a
crucial factor for muskelin function.
INTRODUCTION
g-Aminobutyric acid (GABA) is the major inhibitory neurotrans-
mitter in the mammalian CNS, and the regulation of GABAergic
transmission is a fundamental mechanism adapting neuronal
excitability. The efficacy of GABAergic transmission critically de-
pends on the number of postsynaptic GABAA receptors, which is
in turn determined by the balance of the transport processes for
delivery, removal, and recycling of these receptors (Vithlani et al.,
2011). Thus, the identification of factors that regulate the intra-
cellular transport of receptors and thereby maintain this balance
is crucial for our understanding of neuronal function. In a recent
study, the protein muskelin has been identified as a key regulator
of the transport of a1 subunit-containing GABAA receptors (Heis-
ler et al., 2011), guiding these receptors through the steps
required for their removal and degradation. Hence, an altered
synchronization of neuronal network activity was observed in
hippocampal slices of muskelin knockout mice.364 Structure 23, 364–373, February 3, 2015 ª2015 Elsevier Ltd All rMuskelin is a multidomain protein with a unique domain
composition, consisting of an N-terminal discoidin domain fol-
lowed by a Lis1-homology (LisH) motif, a C-terminal to LisH
(CTLH) domain, a kelch domain with six repeats of the kelch
motif, and a nonannotated C-terminal module (Figure 1). The
protein has been initially identified by its role in the cellular
response to the extracellular matrix component thrombospon-
din-1 (Adams et al., 1998). Several additional binding partners
of muskelin have since been reported (Debenedittis et al.,
2011; Hasegawa et al., 2000; Ledee, 2005), among them
RanBPM and Twa1, with which it forms part of the CTLH com-
plex (Kobayashi et al., 2007; Umeda et al., 2003). The variety of
interaction partners matches the widespread expression of
muskelin in most tissues (Prag et al., 2007; Tagnaouti et al.,
2007).
One common thread between the different functional contexts
of muskelin is the involvement in the regulation of transport pro-
cesses and cytoskeletal organization. Importantly, the role in
GABAA receptor transport suggests that muskelin belongs to a
novel class of regulators coordinating transport processes
across different cytoskeletal systems. This is also supported
by the observation that muskelin knockout mice undergo a
change in fur color (Heisler et al., 2011). Fur color depends on
the distribution of melanosomes within skin cells (Barral and
Seabra, 2004), and trafficking of melanosomes requires an
elaborate interplay of both actin- and microtubule-dependent
transport (Rodionov et al., 2003; Watabe et al., 2008). The exact
function of muskelin, however, remains unclear and the details of
how it is regulated are elusive.
One prominent feature of muskelin is its ability to form oligo-
mers. It has been shown that muskelin assembles into a large
oligomer in vitro (Kiedzierska et al., 2008) and that the N-terminal
discoidin domain can bind to a C-terminal region in a head-to-tail
interaction (Prag et al., 2004). Moreover, muskelin also contains
a LisHmotif, which so far has not been considered in the context
of muskelin oligomerization. A LisH-dependent dimerization has
been observed for several proteins (Kim et al., 2004; Mikolajka
et al., 2006; Oberoi et al., 2011) and has thus been suggested
to be a general feature of proteins containing this motif. Interest-
ingly, a study of several disease-causing mutations revealed that
the LisH dimerization can be of vital importance for protein func-
tion, as a loss of the ability to dimerize has a severe impact on
protein half-life and localization (Gerlitz et al., 2005). However,
neither the role of the LisH motif in muskelin oligomerization
nor its functional impact has been investigated.ights reserved
Figure 1. The LisHMotif Mediates Dimeriza-
tion
(A) Domain architecture ofmuskelin with borders of
truncated constructs indicated.
(B) SEC-MALS analyses identify MKLN157–735 and
a small portion of MKLN1–205 as dimers. Molar
masses are overlaid with the A280 elution profiles in
the upper graph. Experimental (Mwexp) and theo-
retical molecular weights (Mwtheo) and their ratio
are summarized in the table. For MKLN1–205, two
small peaks precede the main peak (asterisk and
arrowhead) and were considered during analysis.
(C) BS3 crosslinks MKLN1–205 and MKLN157–735,
but not MKLN1–156 and MKLN205–735, to their
dimeric forms. The SDS-PAGE of the fractionated
crosslinking reactions and controls are shown,
with arrowheads indicating the expected position
of the respective monomer (open) and dimer
(filled).Here we present the crystal structure of muskelin’s N-terminal
part, the discoidin domain and LisH motif. This crystal structure
provided the molecular details for a comprehensive biochemical
analysis of muskelin oligomerization and allowed the investiga-
tion of the impact of oligomerization on muskelin’s function in
different cellular contexts.
RESULTS
LisH Is a Dimerization Motif in Muskelin
To analyze the role of the individual domains in muskelin oligo-
merization, we prepared a set of truncated muskelin variants
sequentially shortened by one domain from either the N- or the
C-terminus. Based on secondary structure predictions obtained
with Phyre (Kelley and Sternberg, 2009), we positioned the
boundaries in putatively unstructured regions (Figure 1A). We
first addressed the question of whether the LisH motif acts as
a dimerization motif in muskelin. Therefore, we compared the
ability to dimerize of the truncated constructs including the
LisH motif (MKLN1–205 and MKLN157–735) with those without it
(MKLN1–156 and MKLN205–735) by size-exclusion chromatog-
raphy coupled with multiangle laser light scattering (SEC-
MALS) and chemical crosslinking.
The molecular masses derived by MALS analysis for the con-
structs without the LisH motif (MKLN1–156 and MKLN205–735) are
in very good agreement with the theoretical molecular mass of
the respective monomers (Figure 1B). For N-terminally truncated
MKLN157–735, which still includes the LisH motif, the derived mo-
lecular mass matches that of a dimer. In contrast, for MKLN1–205
the dominant species is monomeric and only a very small dimer
fraction (highlighted by an arrowhead in Figure 1B) was detected
atmean concentrations of 5 mMand 0.15 mM in themonomer and
dimer peaks, respectively. This indicates a weak dimerization of
MKLN1–205 for which the monomer-dimer equilibrium is shifted
to the monomeric form at the concentration analyzed.Structure 23, 364–373, February 3, 2015The dimerization capabilities of the
domain constructs were further probed
by crosslinking with the amine-sensitive
bis[sulfosuccinimidyl]suberate (BS3) re-agent; a band for the crosslinked dimeric form could be
observed only for MKLN157–735 and MKLN1–205 (Figure 1C).
Again, for the truncated constructs without the LisH motif
(MKLN1–156 and MKLN205–735) only the monomer was detected.
Notably, MKLN1–205, which was found as predominantly mono-
meric by SEC-MALS, is crosslinked very efficiently into its
dimeric form. Thus, both methods unequivocally show that con-
structs containing the LisH motif are able to form dimers, con-
firming that the LisH motif is a functional dimerization element
in muskelin.
Crystal Structure of MKLN12–205
We were able to grow crystals of the MKLN1–205 fragment,
which is composed of the discoidin domain and the LisH
motif. Although the crystals diffracted to high resolution
(1.7 A˚) and phasing was possible through sulfur-based single-
wavelength anomalous diffraction (SAD) experiments, refine-
ment of the model did not yield a free R factor below 34%,
thus indicating an inherent problem. To improve the crystals
we truncated the N-terminus, removing residues that were
disordered in the initial structure. The shortened MKLN12–205
construct crystallized in space group P212121, and the crystals
diffracted up to 1.8 A˚ resolution. The structure was solved by
molecular replacement with the model derived for MKLN1–205.
The final model contained residues 12–187 and refinement re-
sulted in an R factor of 15.6% (Rfree = 19.3%) with good stereo-
chemistry (Table 1). Comparison of the preliminary model of
MKLN1–205 with the final refined model for MKLN12–205 revealed
that the two structures are very similar, with a root mean square
deviation of 0.39 A˚, despite the poor refinement statistics of
MKLN1–205.
The overall structure shows that MKLN12–205 forms a
dimer, with the dimer interface located solely in the LisH
motif (Figure 2A). The discoidin domain adopts the typical
jellyroll fold, in which a five-stranded antiparallel b sheet isª2015 Elsevier Ltd All rights reserved 365
Table 1. Data Collection, Phasing, and Refinement Statistics
MKLN12–205
MKLN1–205
Native Sulfur SAD
Data Collection Statistics
Wavelength (A˚) 0.95373 0.91841 1.9
Resolution range (A˚) 33.8–1.8 (1.9–1.8) 65.1-1.7 (1.79–1.7) 34.1–2.28 (2.4–2.28)
Space group P212121 P43212 P43212
Unit cell (A˚) a = 63.06, b = 65.3, c = 101.39 a = b = 65.15, c = 101.53 a = b = 64.99, c = 101.56
Total reflections 176855 106685 447829
Unique reflections 39509 (5686) 24751 (3535) 10549 (1498)
Multiplicity 4.5 (4.5) 4.3 (3.9) 42.5 (36.7)
Completeness (%) 100.00 (100.00) 100.00 (100.00) 100.00 (100.00)
Mean I/s (I) 17.0 (4.7) 9.6 (1.8) 30.0 (6.5)
Wilson B factor (A˚2) 26.4 25.0 43.9
Rmerge
a 4.9 (30.1) 6.9 (67.6) 9.6 (90.9)
Phasing Statistics
Figure of merit 0.324
Number of sites 9
Refinement Statistics
R factor 0.1562 (0.1974)
Rfree 0.1931 (0.2313)
Number of atoms 3398
Macromolecules 3019
Ligands 102
Water 277
Protein residues 357
RMS deviations in
Bond lengths (A˚) 0.014
Bond angles () 1.42
Ramachandran favored (%) 96
Ramachandran outliers (%) 0
Clashscore 13.94
Average B factor (A˚2) 41.2
Macromolecules 40.2
Solvent 47.1
Statistics for the highest-resolution shell are shown in parentheses. Ramachandran statistics have been determinedwithMolProbity (Davis et al., 2004)
and refer to the percentage of residues in the core/allowed/disallowed regions of the Ramachandran diagram.
aRmerge =
P
hkl
P
kjI(k) [I]j/
P
hkl
P
kI(k), where I(k) is the value of the k
th measurement of the intensity of a reflection, [I] is themean value of the intensity of
that reflection, and the summation is over all measurements. R =
P
hkljFobs  Fcalcj/
P
hkljFobsj, where Fobs and Fcalc are the observed and calculated
structure factors, respectively, for all data (no s cutoff).Rfree =R calculatedwith 5%of the reflection data chosen randomly and omitted prior to the start
of refinement.sandwiched against a three-stranded antiparallel b sheet
and the strands are connected by long, flexible loops. The
arrangement agrees well with known structures of the
discoidin domain family (Figure S1 available online). It should
be noted that none of the four cysteines located in the
discoidin domain is within suitable distance to form a disulfide
bridge as proposed earlier (Kiedzierska et al., 2007, 2008). An
extended a helix follows at the C-terminus of the discoidin
domain, which directly leads into the predicted first helix of
the LisH motif. At the end of this helix, only two more residues
were visible while the remaining half of the LisH motif could not
be resolved.366 Structure 23, 364–373, February 3, 2015 ª2015 Elsevier Ltd All rThe Dimerization Interface in the Crystal Structure
The extended a helices of the protomers run antiparallel and are
slightly twisted. The residues of the C-terminal part, which corre-
spond to the first helix of the canonical LisH motif, interdigitate
and form a tight interface (Figure 2B). Among the corresponding
sidechains,Cys180 frombothmonomers lie closest toeachother
and mark the center of the interface. Several hydrophobic resi-
dues contribute to the interface, most prominently Phe184, and
additionally Ala176, Ile177, and Leu181. Furthermore, hydrogen
bonds and salt bridges created by Glu173 and Arg185 stabilize
the dimer (Table S1, based on a PISA analysis; Krissinel andHen-
rick, 2007).ights reserved
Figure 2. Molecular Details of the LisH-Mediated Dimerization
(A) Crystal structure of theMKLN12–205 dimer in ribbon representation superimposedwith a semitransparent molecular surface. Secondary structure elements are
colored red for the discoidin domain and orange for the LisH motif. See also Figure S1.
(B) Close-up view of the dimer interface, with residues mediating dimerization in stick representation and hydrogen bonds shown as dashed lines. See also
Figure S2 and Table S1.
(C) SDS-PAGE of the crosslinking reactions. For each MKLN1–205 variant (indicated on top), the control sample without () and the sample with (+) crosslinker is
shown, and the fraction of crosslinked dimer is given below. Arrowheads indicate the expected position of the respective monomer (open) and dimer (filled).
Multiple bands for the monomer appearing upon crosslinking are presumably caused by intramolecular crosslinks.Comparing the partial LisH motif of muskelin with the homolo-
gous structures of Lis1, FOP, and TBL1 (Kim et al., 2004;
Mikolajka et al., 2006; Oberoi et al., 2011) reveals noteworthy dif-
ferences. Although the underlying interaction principle, namely
two antiparallel helices forming a mainly hydrophobic interface,
is the same, the arrangement of the helices differs fundamen-
tally; the rotation of the helices with respect to each other is in
the opposite direction. In a side view of the two helices, the back-
ward helix is rotated counterclockwise by 130–140 for Lis1,
FOP, andTBL1, but clockwise by140 inmuskelin (Figure S2A),
with axes of rotation at homologous positions (centered between
the following residues: Cys180 in muskelin, Ile15 in Lis1, Val12 in
TBL1, and Val78 in FOP). Moreover, the second half of the LisH
motif could not be resolved in our structure. In the canonical LisH
motif, the second helix folds back onto the first helix and dimer-
ization results in a four-helix bundle. As symmetry mates occupy
the space on top of the first helix, where the second helix would
be expected in a canonical arrangement, we cannot rule out that
this arrangement is prevented by crystal contacts. However, the
fact that the second helix was not visible could indicate that
these residues are flexible and, hence, this would be another
deviation from the generic LisH architecture. Interestingly, the
presence of the second helix was a prerequisite for dimerization
and crystallization, as a construct lacking the second helix,
MKLN1–187, was both impaired in dimerization (Figure S2B) and
did not crystallize. It should be noted that one of the most highly
conserved residues among LisHmotifs, a glutamate at the C-ter-
minal end of the second helix, is replaced by a lysine (Lys198) inStructure 23, 36muskelin (Figure S2C, position 28). This glutamate fulfills a vital
role in all known structures, stabilizing the antiparallel arrange-
ment of the second helix in the dimer by hydrogen bonds with
the backbone amides of the N-terminal residues in the opposing
helix and a favorable charged interaction with the helix dipole
(Figure S2D). The lysine at the homologous position in muskelin
can fulfill neither of these specific roles, thus supporting the
notion that the LisH motif in muskelin may deviate in its stability
and architecture from other LisH motifs.
Mutations in the LisH Motif Impede Dimerization
To probe the dimerization interface revealed by our structure, we
introduced several mutations into the first helix of the LisH motif.
Moreover, we aimed to design a dimerization-deficient variant
and therefore targeted a major contributor, Phe184, and
exchanged it with a glutamate to disrupt the hydrophobic core.
To further weaken the dimer, by breaking up a secondary point
in the interface and impede the contribution of the second helix,
we additionally replaced the conserved Leu196with a glutamine.
We analyzed the dimerization of the MKLN1–205 variants by
chemical crosslinking (Figure 2C). Based on the fraction of dimer
that is crosslinked, dimerization impairment of the individual mu-
tations can be put in the following, ascending order: N188A z
R172 < R185A < F184A < C180S < F184E/L196Q. Thus, the
effect of eachmutationwas in good agreement with the contribu-
tion of the respective residue to the interface as estimated by the
buried surface area and the gain in free energy upon dimerization
(TableS1). As intended, theF184E/L196Qdoublemutant showedFigure 3. The Main Determinants of the
Head-to-Tail Binding Are Located in the
b7-b8 Loop
(A) The Meta-PPISP score indicative of a protein-
protein interaction interface is displayed as a color
value on the surface of the MKLN12–205 monomer
with a close-up view into the identified interaction
site. Residues with a score above 0.45 are shown
in stick representation.
(B) Binding isotherms obtained by ITC in which
MKLN205–735 was titrated with different MKLN1–156
variants. Binding enthalpies are plotted as a
function of the molar ratio of the binding partners
and dissociation constants are summarized. See
also Figure S3.
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Figure 4. SEC-MALS Analyses Show the
Stepwise Breakup of theMuskelin Oligomer
(A) Molar masses obtained as a function of elution
volume are overlaid with the respective A280
elution profile (left). Experimental molecular
weights (Mwexp), the ratio of experimental and
theoretical molecular weight of the monomer
(Mwmono), and the theoretical molecular weights
(Mwtheo) of the respective oligomer are given on
the right.
(B) Model of the muskelin tetramer. Monomers are
depicted with gray semitransparent surfaces, with
the domains being color coded as in Figure 1 and
the interaction interfaces indicated by dashed
lines. See also Figure S4.a substantially weakened dimerization and was therefore used in
later analyses to investigate the role of the LisH dimerization.
The Head-to-Tail Interaction Can Be Abolished
by a Single Point Mutation
After having confirmed that the LisH motif acts as a functional
dimerization element, we alsowanted to dissect the previously re-
ported head-to-tail interaction of the discoidin domain with the
C-terminal part ofmuskelin (Prag et al., 2004). Based on our struc-
ture of the N-terminal part of muskelin, we used the meta-PPISP
server (Qin and Zhou, 2007) to identify potential binding sites
located in the discoidin-like domain. As expected, residues
Ser169 to Asn188 were identified as a potential protein-protein
interface, perfectly matching the dimerization interface in the
LisH motif. Only one additional area was proposed as an interac-
tion site. This site is located at the bottomof the b barrel of the dis-
coidindomain (Figure3A)and is formedby residuesTrp23 toTyr30
and Glu50 to Pro55 in the loop connecting b strands 1 and 2 and
Trp139 to Asn144 in the loop that connects b strands 7 and 8.
We introduced several mutations to test this putative interface
and analyzed their effect on the head-to-tail interaction by
measuring the binding of the discoidin domain MKLN1–156 to the
C-terminal construct MKLN205–735 in isothermal titration calorim-
etry (ITC) experiments (Figure 3B). For the wild-type, a dissocia-
tion constant of 6.8 mMwas determined; the effect of the different
mutations ranged from no effect for E50A (KD = 5 mM), over a
weakened binding for Y53A (KD = 13 mM) and F143A (KD =
104 mM), up to a reduction of binding to a level that was not
detectable by ITC for the N144R mutation. At the same time, we
dissected the contributions of the kelch domain and the C-termi-
nal module to the head-to-tail interaction (Figure S3) and found
that the C-terminal residues do not play a role in the head-to-tail368 Structure 23, 364–373, February 3, 2015 ª2015 Elsevier Ltd All rights reservedinteraction,whichmust therefore bemedi-
ated solely by the kelch domain interact-
ing with the discoidin domain.
Both Interaction Interfaces Are
Needed to Assemble
the Oligomer
With the F184E/L196Q and N144R muta-
tions as tools to separately impair the two
self-interactions of muskelin, we next dis-
sected their contributions tomuskelin olig-omerization.We introduced the respectivemutationsboth individ-
ually and in combination into the full-length protein and analyzed
the oligomeric state of the proteins by SEC-MALS (Figures 4 and
S4).Wild-typemuskelin eluted earliest and the determinedmolec-
ularmasswas in verygoodagreementwith themassof a tetramer.
The single variants of the respective interfaces eluted in close
succession and the molecular mass for the N144R mutation was
very close to the mass of the dimer; for the F184E/L196Q variant,
the value obtained was intermediate between a dimeric and
monomeric form. Finally, the variant with the combination of
both interface mutations (triple mutation N144R/F184E/L196Q)
eluted last and thedeterminedmolecularmasswas ingoodagree-
ment with the theoretical mass of the monomer (84.8 kDa).
The difference between the theoretical mass of a dimer and
the experimental value for the F184E/L196Q variant can be ac-
counted for neither by protein degradation nor by unfolding, as
protein integrity was confirmed by SDS-PAGE, mass spectrom-
etry, and CD spectroscopy (Figure S5). A possible explanation
lies in the fast binding kinetics of the head-to-tail interaction, re-
sulting in a dynamic monomer-dimer mixture that cannot be
separated by size-exclusion chromatography and thus interferes
with the correct determination of the molecular mass. Nonethe-
less, the results clearly show that both interactions are required
to assemble the tetrameric form of muskelin as a dimer of
dimers. In conjunction with our structural data and mapping ex-
periments, this allowed us to construct a possible architecture of
the muskelin tetramer (Figures 4 and S4).
The Role of Muskelin’s Self-Interactions in a Cellular
Context
With the knowledge that the muskelin tetramer is assembled via
two dimerization events, we next wanted to dissect the
Figure 5. Altered Function of Muskelin Variants
(A) Analysis of GABAAR a1 surface levels upon biotinylation of GABAAR a1 and
GABAA R b3 expressing HEK293 cells. Controls: surface pan cadherin and
total GABAAR a1 levels. GABAAR a1 surface levels were analyzed upon co-
expression of the N144R variant (R, 1.07 ± 0.17, n = 3), the F184E/L196Q
variant (EQ, 1.95 ± 0.28, n = 5), and the N144R/F184E/L196Q variant (REQ,
1.97 ± 0.23, n = 4) always compared with wild-type (set to 1). Student’s t test
(*p < 0.05) was used for statistical analysis.
(B) Total expression levels of wild-type and variant muskelin mCherry-fusion
proteins in HEK293 cells. N: 1.05 ± 0.05; EQ: 1.02 ± 0.08; REQ: 1.06 ± 0.13;
wild-type set to 1 (n = 5). Control: actin detection. See also Figure S5.
Data are represented as mean values ± SEM.importance of each interface with respect to the physiological
function of muskelin. As muskelin is required for the removal of
GABAA receptors (GABAAR) from the plasma membrane during
endocytosis (Heisler et al., 2011), we monitored cell surface
levels of GABAAR a1 in the presence of wild-type or mutated
muskelin variants. In HEK293 cells, we observed a strong in-
crease in GABAAR a1 surface levels by about 95% upon coex-
pression of either the F184E/L196Q variant or the N144R/
F184E/L196Q variant compared with the wild-type and the
N144R variant (Figure 5A). These differences were not caused
by altered expression levels of the wild-type and the variants
(Figure 5B). To ensure that the detrimental effect of the
F184E/L196Q variant, i.e., a loss of LisH dimerization impairs
GABAAR a1 transport, was not biased by either folding defects
or an impaired binding of muskelin to the receptor subunit, we
analyzed folding by CD spectroscopy and binding properties
by ITC measurements for the F184E/L196Q variant (Figure S5),
and found both properties to be unaltered.
The dependency of GABAAR a1 surface levels on an intact
LisH-dependent dimerization prompted us to study the intra-
cellular distribution of the different muskelin variants. Upon
expression in HEK293 cells, we observed that the majority of
RFP-tagged wild-type muskelin appeared cytoplasmic (Fig-
ure 6A), which is in agreement with previous data on muskelin
GFP-fusion proteins (Valiyaveettil et al., 2008). A similar distribu-
tion of RFP-muskelin was observed when the N144R mutation
was introduced. Interestingly, the F184E/L196Q and N144R/
F184E/L196Q variants showed a striking redistribution from the
cytoplasm to the nucleus after which either fusion protein was
hardly detectable at the cell periphery. Quantification revealed
that this redistribution applied to the vast majority of cells; an
accumulation of muskelin in the nucleus was observed inStructure 23, 3612%–15% of the cells for wild-type and N144R RFP-muskelin,
but in 86%–92% of the cells for the F184E/L196Q and the
N144R/F184E/L196Q variant (Figure 6B). This indicates that
the intracellular distribution of muskelin is highly regulated by
its oligomeric state and is dependent on the LisH-mediated
dimerization. The two different dimeric forms of muskelin,
assembled from either the head-to-tail or the LisH motif-medi-
ated interaction, exhibit different cellular properties.
We finally asked whether the LisH dimerization would similarly
affect muskelin distribution in neurons. Primary hippocampal
neurons transfected with mCherry-fusion proteins at days
in vitro (DIV) 11–13 were analyzed for their intracellular dis-
tribution. Whereas wild-type and N144R mCherry-muskelin ap-
peared to always be enriched in the cytoplasm, the F184E/
L196Q and N144R/F184E/L196Q variants showed a clear redis-
tribution into the nucleus (Figure 6C), confirming our results from
HEK293 cells.
A change in subcellular localization for mutated or truncated
variants of muskelin was reported previously (Valiyaveettil et al.,
2008). We therefore included the described K182A/H183A
double mutation in the LisH motif and the deletion of the
last 35 amino acids at the C-terminus (DC35) in our analysis.
In neurons, the K182A/H183A mutation had no effect on
the cytoplasmic localization of mCherry-muskelin, whereas
mCherry-muskelin-DC35 showed a mixed nuclear and cyto-
plasmic distribution. In parallel, we biochemically analyzed
these variants to assess their effects on muskelin oligomeriza-
tion. Unfortunately both variants, the K182A/H183A and the
DC35 deletion, were prone to aggregation and degradation.
The DC35 deletion was inseparable from chaperones and could
not be purified in sufficient quantity and quality. We therefore
investigated the effect of the C-terminus with a construct
ending after amino acid 625, corresponding to a deletion of
the complete 110 amino acid long C-terminal module
(DC110). Notably, an analysis of full-length muskelin harboring
either the K182A/H183A mutation or DC110 deletion by SEC-
MALS revealed that both variants prevented muskelin tetrame-
rization. The detected masses corresponded to a dimer/
monomer mixture, with the predominant species being the
dimer in the case of the K182A/H183A mutation and the
monomer in the case of the DC110 deletion (Figure S6). This
revealed that the C-terminus is a further factor influencing
muskelin oligomerization, which thus seems to depend on an
intricate interplay of several domains in muskelin. Moreover,
this opens the possibility that the observed effect of the C-ter-
minus on the cellular localization of muskelin is caused by or
mediated via its role in oligomerization.
DISCUSSION
Until now it was only known that muskelin is able to oligomerize
and undergo a head-to-tail interaction, which likely contributes
to oligomerization (Kiedzierska et al., 2008; Prag et al., 2004).
However, the presence of a LisH motif in muskelin prompted us
to speculate that oligomerization could be a multifactorial pro-
cess and may have a direct impact on its function. We therefore
analyzed the role of the LisHmotif and revealed by structural and
biochemical analyses that it acts as a dimerization element in
muskelin and is required for oligomerization. Furthermore, we4–373, February 3, 2015 ª2015 Elsevier Ltd All rights reserved 369
Figure 6. Altered Intracellular Distribution of Muskelin Variants
(A) Confocal imaging (GFP coexpression was used to identify cell boundaries; nuclei were labeled using TO-PRO-3). Scale bar, 15 mm; dashed lines indicate
traces used for line scans shown on the right. N, nucleus; PM, plasma membrane.
(B) Localization analysis of wild-type and variant muskelin RFP-fusion proteins in HEK293 cells (wild-type, 11.7%± 1.2%nuclear and 88.3%± 1.2% cytoplasmic;
R, 15.7% ± 1.0% nuclear and 84.3% ± 1.0% cytoplasmic; EQ, 85.6% ± 1.6% nuclear and 14.4% ± 1.6% cytoplasmic; REQ, 92.3% ± 2.7% nuclear and 7.7% ±
2.7% cytoplasmic, n = 3). Student’s t test (***p < 0.001; **p < 0.01) was used for statistical analysis. Data are represented as mean values ± SEM.
(C) Analysis of wild-type and variant muskelin mCherry-fusion proteins in DIV 11–13 hippocampal neurons (GFP coexpression was used to identify cell
boundaries, nuclei were labeled using Hoechst 33342). Scale bar, 15 mm. Neurons from four independent experiments were analyzed. See also Figure S6.showed that the LisH-mediated dimerization determines the sub-
cellular localization of the protein and is essential for muskelin
function.
Our data clearly reveal that the LisH motif (Emes and Ponting,
2001) mediates critical interactions for a homodimerization of
muskelin, as point mutations within this motif abolish dimer
formation. However, the substantially weaker dimerization of
MKLN1–205 compared with MKLN157–735 and the full-length pro-
tein (Figures 1B and 4) indicates that the LisH-dependent dimer-
ization is further stabilized by elements residing in the C-terminal
part of muskelin. This is in line with observations on other LisH
motif-containing proteins in which the LisH motif is the primary
dimerization interface, yet the dimerization is further supported
by other parts of the respective proteins (Kim et al., 2004; Mateja
et al., 2006; Mikolajka et al., 2006; Oberoi et al., 2011).
Surprisingly, in our crystal structure the arrangement of the
LisH motif deviates substantially from known structures of LisH
family members (Kim et al., 2004; Mikolajka et al., 2006; Oberoi
et al., 2011). Key features are retained; the N-terminal part forms
an a helix, which dimerizes with its symmetry equivalent, and
within the interface the intersection point and the participating370 Structure 23, 364–373, February 3, 2015 ª2015 Elsevier Ltd All rresidues are at homologous positions. However, the topology
differs substantially in that the rotation between the two
helices in the dimer is inverted compared with other LisH family
members. In addition, the ensuing residues, which form a
second a helix in the LisH family, were not visible in our crystal
structure; nevertheless, our results obtained with a shortened
construct lacking the second helix confirmed that it contributes
to dimerization. A notable difference of muskelin from known
LisH structures is the replacement of a highly conserved gluta-
mate at the C-terminus of the second helix by a lysine inmuskelin
(Figure S2C, position 28 of the motif). The high degree of conser-
vation of this glutamate is matched by its important structural
role in the LisHmotif (Figure S2D). The absence of this glutamate
is indicative of a less stable or differing arrangement of the heli-
ces in muskelin. Together with the observation that the homodi-
merization via the LisH motif is supported by the C-terminal part
of muskelin, this corroborates the assumption that the LisHmotif
in muskelin needs to be embedded in and stabilized by the envi-
ronment of the protein to fulfill its function in dimerization.
Although dimerization of muskelin via its LisH motif has not
been detected, the ability of muskelin’s discoidin domain toights reserved
bind to muskelin’s C-terminal portion had been previously re-
ported (Prag et al., 2004). However, thus far it has not been
demonstrated that this interaction represents a direct binding
event or that it contributes to the oligomer observed in vitro.
Based on our structural data combined with biochemical ana-
lyses, we were able to identify residues critical for the interaction
in the loops connecting b strands 1 and 2 as well as b strands 7
and 8 of the discoidin domain. Our mapping coincides with the
common binding site of discoidin domains, and as discoidin do-
mains typically bind one ligand specifically (Kiedzierska et al.,
2007), we conclude that the natural ligand of muskelin’s LisH
domain is theC-terminus ofmuskelin.While a contribution of dis-
coidin domains to protein oligomerization via the formation of di-
sulfide bridges (Wu et al., 2005) has been reported before, our
study identifies an example of a discoidin domain that mediates
an oligomerization via direct binding with its specific binding site.
Muskelin has been shown to form a large oligomer in vitro,
assigned by size-exclusion chromatography as hexamer (Kied-
zierska et al., 2008). In contrast, we deduced by MALS a signif-
icantly smaller mass corresponding precisely to a tetramer. The
deviations are likely to be explained by the techniques used;
size-exclusion chromatography is influenced by molecular
shape, whereas static light scattering directly measures molec-
ular mass (Wen et al., 1996). Furthermore, with the aid of our
self-interaction-impairing mutations, we observed the stepwise
disassembly of the muskelin tetramer and found that both inter-
actions are independently required to assemble the muskelin
tetramer as a dimer of dimers. Combining these observations
with the structural information and themapping of the interfaces,
we have conceived a possible model for the arrangement of the
muskelin oligomer (Figures 4 and S4) that helps to envision the
different oligomeric states of muskelin: tetramer, LisH dimer,
head-to-tail dimer, and monomer. Apart from providing insights
into the assembly of the oligomer, our analyses verified that the
mutations we introduced are suitable tools for analysis of the
functional relevance of muskelin oligomerization. Each variant
abolished one of the interactions underlying oligomerization
while no detrimental effects on the stability or folding of the pro-
tein were detected.
With these tools, we demonstrated that LisH-mediated dimer-
ization is of vital importance for muskelin function. We observed
a significant increase in GABAA receptor surface levels, indi-
cating reduced receptor internalization for the LisH-dimeriza-
tion-impaired variant in cotransfected HEK293 cells. This effect
seems to be ultimately due to an altered intracellular distribution
of these variants. Muskelin was previously described as a nucle-
ocytoplasmic protein that is found mainly distributed throughout
the cytoplasm (Adams et al., 1998; Hasegawa et al., 2000; Heis-
ler et al., 2011; Ledee, 2005) and to a lesser extent in the nucleus
(Tagnaouti et al., 2007; Valiyaveettil et al., 2008). Interference
with the LisH-mediated dimerization resulted in a striking redis-
tribution of muskelin to the nucleus as shown in HEK293 cells
and hippocampal neurons. This finding is in line with results of
an earlier study of three LisH-containing proteins, for which an
impaired LisH-dependent dimerization in every case led to a
change in localization of the protein and a dramatic decrease
in protein half-life (Gerlitz et al., 2005).
It is interesting that of the two interactions underlying muskelin
oligomerization, we observed effects on muskelin function onlyStructure 23, 36for the LisH-mediated dimerization but not for the head-to-tail
interaction. A regulatory mechanism for the head-to-tail interac-
tion via phosphorylation by protein kinase C has already been
proposed (Prag et al., 2007), which suggests that this interaction
is also a target for adaptation of muskelin function. It remains
open whether other functional readouts are needed to detect
the effect of an impaired head-to-tail interaction. Since it is not
trivial to assess the oligomeric state in the cell, we cannot rule
out that, in the cellular assays used, the head-to-tail interaction
is per se inactivated and thus the effects of a disturbed interac-
tion would be concealed.
The mechanism how the loss in LisH-dependent dimerization
leads to a relocalization is currently unknown. Muskelin does
not contain any classical nuclear localization signal (NLS)
sequence nor is an NLS signal generated by the mutations we
introduced. Moreover, a Crm1-dependent export of muskelin
from the nucleus, which could be disturbed by the loss of
dimerization, has already been excluded in an earlier study (Va-
liyaveettil et al., 2008). One scenario would be either an impaired
or enhanced binding of muskelin to one of its interaction partners
resulting from the loss of LisH-dependent dimerization. Candi-
dates include RanBP9 or other components of the CTLH com-
plex, especially in light of the aforementioned study (Valiyaveettil
et al., 2008), which observed a nuclear localization activity of the
LisH motif depending on a complex interplay with the C-termi-
nus, which also mediates the interaction with RanBP9.
The parallel between LisH dimerization determining the intra-
cellular localization in our hands and the nuclear localization ac-
tivity noted previously prompted us to investigate the effect of
the variants presented in the earlier study (Valiyaveettil et al.,
2008). The effect on muskelin localization in a neuronal back-
ground differs from the earlier description, since mutation of
the basic residues (K182A/H183A) did not change the intracel-
lular distribution and deletion of the last 35 amino acids resulted
in a mixed distribution, not a complete nuclear localization as
reported before. Notably, our biochemical analyses showed sur-
prising effects of the missing C-terminus and the K182A/H183A
mutation onmuskelin oligomerization. A stipulatory model is that
the very C-terminal part of muskelin facilitates the LisH-depen-
dent dimerization without directly mediating it, in line with the
general observation that LisH-dependent dimerization usually
requires additional stabilization as discussed above. It would
also provide a possible explanation for the effect of the K182A/
H183A mutation. While the mutated residues are not part of
the dimer interface (Table S1), they could possibly be involved
in stabilizing the interaction with the C-terminus. Finally, the ef-
fect on the head-to-tail interaction, which is apparently pre-
vented in the absence of the C-terminus, cannot be explained
with the data in hand, but one can speculate that the C-terminus
may have a profound effect on the arrangement of the domains in
the oligomer. While the details of the apparent interplay of the
domains in muskelin oligomer formation remain speculative,
our results clearly show that any effect influencing the intracel-
lular localization and function of muskelin, whether by mutation
or post-translational modification, cannot be considered without
taking into account the impact on muskelin oligomerization.
The complex domain architecture of muskelin and the intricate
interplay of its domains allow for an interesting way of regulating
muskelin function. The link between alterations in oligomeric4–373, February 3, 2015 ª2015 Elsevier Ltd All rights reserved 371
state and intracellular redistribution demonstrated by our cellular
analyses is tight and prominent. This is remarkable in light of
muskelin’s participation in the CTLH complex, the mammalian
homologue of the GID (glucose-induced degradation deficient)
complex in Saccharomyces cerevisiae (Francis et al., 2013;
Regelmann et al., 2003). The components of this complex
show striking similarities in their domain architecture and several
of them contain the LisH-CTLH tandem. A localization-specific
composition of the complex has been proposed, with a cyto-
plasmic and a nuclear pool (Kobayashi et al., 2007). The esti-
mated 20S size of the complex contradicts an incorporation of
muskelin in its tetrameric form. Thus, the recruitment of muskelin
into the complex might depend on an altered oligomeric state.
Together with the notion that several of the CTLH subunits
contain LisH motifs, this suggests a novel mechanism in regu-
lating the composition and, thereby, the function of the whole
complex depending on the oligomeric state of its subunits.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification
All muskelin variants were expressed in Escherichia coli as His-tagged small
ubiquitin-like modifier (SUMO) fusion proteins and were purified via an initial
Ni-affinity chromatography followed by removal of the 6xHis-SUMO-tag, an
optional anion exchange chromatography, and a final size-exclusion chroma-
tography. Details on the constructions of the expression plasmid and the
experimental conditions during expression and purification are described in
the Supplemental Experimental Procedures.
Crystallization and Data Collection
Crystals for MKLN1–205 and MKLN12–205 were obtained at 20
C by hanging
drop vapor diffusion against a reservoir solution containing 100 mM BisTris
(pH 5.25–6.0), 200mMNaCl, and 20%–35%PEG 3350 at a protein concentra-
tion of 15–20 mg/ml. For cryoprotection, crystals were first transferred into
their respectivemother liquor containing 15%ethylene glycol, then intomother
liquor containing 30%ethylene glycol, and finally flash frozen in liquid nitrogen.
Diffraction data forMKLN1–205 were collected at awavelength of 1.9 A˚ for the
sulfur single-wavelength anomalous diffraction experiment or 0.92 A˚ for the
native data set, respectively, on the BESSY beamline BL14.1 of the Helmholtz
Zentrum Berlin on a Rayonix MX225 detector. The data for MKLN12–205 were
collected on beamline BM14 at the European Synchrotron Radiation Facility
synchrotron in Grenoble with a MAR 225 CCD detector at a wavelength of
0.95 A˚. Diffraction data were processed with XDS (X-ray Detector Software;
Kabsch, 2010) and iMOSFLM (Leslie and Powell, 2007), respectively, resulting
in space group P43212with a = b = 64.99 (65.15) A˚ and c = 101.56 (101.53) A˚ for
MKLN1–205, and space group P212121 with a = 63.06 A˚, b = 65.30 A˚, and
c = 101.39 A˚ for MKLN12–205.
Structure Solution
The structure of MKLN1–205 was solved by sulfur SAD with the HySS (Hybrid
Substructure Search) submodule of the Phenix package (Adams et al., 2002)
together with the Oasis program of the CCP4 suite (Liu et al., 1999; Winn
et al., 2011). The substructure was refined using SHARP (Bricogne et al.,
2003), and iterations between automatically building partial models with the
Buccaneer software (Cowtan, 2006) using the modified map and refinement
of the partial model and density modification in SHARP finally led to an
improved model, which was then completed manually and further refined us-
ing REFMAC (Skubak et al., 2004). Despite extensive rebuilding efforts, the
structure could not be refined to an Rfree below 34%. The structure of
MKLN12–205 was solved by molecular replacement with Phaser (McCoy
et al., 2007) and refined with Phenix (Adams et al., 2002).
Biochemical Analyses
All biochemical analyses were performed in similar buffer conditions (20 mM
PIPES, 200 mM NaCl, 5% glycerol [pH 7.5] supplied with either 5 mM dithio-372 Structure 23, 364–373, February 3, 2015 ª2015 Elsevier Ltd All rthreitol or 1 mM TCEP as reducing agent); more detailed descriptions are pro-
vided in the Supplemental Experimental Procedures. For SEC-MALS analysis
the purified proteins were separated by SEC coupled in-line to MALS (DAWN
8+ HELEOS II, Wyatt Technology) and refractive index detectors (OptilabT-
rEX, Wyatt Technology). Data were analyzed using the ASTRA software pack-
age (Wyatt Technology). For chemical crosslinking, samples were diluted to a
concentration of 20 mMand pre-equilibrated before addition of the crosslinking
reagent BS3. The reaction was stopped by addition of Tris and all samples
were analyzed by SDS-PAGE. For isothermal titration measurements, the
variants of the discoidin domain (MKLN1–156) were titrated into the cell contain-
ing MKLN205–735 or buffer for control measurements, respectively, using a
Microcal ITC200 instrument (GE Healthcare). Data were analyzed assuming
a one-site binding model.
Surface Biotinylation Assay
The effect of muskelin and its variants on the surface level of GABAA receptor
was assessed with a surface biotinylation assay performed as previously
described (Heisler et al., 2011); details are provided in the Supplemental
Experimental Procedures.
Intracellular Distribution Analysis
To analyze the intracellular distribution in HEK293 cells and hippocampal neu-
rons, the cells were cotransfected with GFP and muskelin variants fused to
either mRFP or mCherry. One day after transfection the cells were fixed, per-
meabilized, and treated with nucleic acid stain. Cells were imaged with a
confocal fluorescent laser scanning microscope and classified according to
the intracellular distribution of the red fluorescent signal into nuclear, mixed,
or cytoplasmic localization. Statistical significance was assessed with
Student’s t test. Details on cell treatment, imaging, and image analysis are
described in the Supplemental Experimental Procedures.
ACCESSION NUMBERS
The atomic coordinates and measured structure factor amplitudes for
MKLN12–205 have been deposited in the Protein Data Bank with accession
code 4OYU.
SUPPLEMENTAL INFORMATION
Supplemental Information includes six figures, one table, and Supplemental
Experimental Procedures and can be found with this article online at http://
dx.doi.org/10.1016/j.str.2014.11.016.
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